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Abstract 
Injection of CO2 into the Weyburn Oil Field, Saskatchewan, Canada, began October 2000 and 10 years later approximately 18 
MT of CO2 will have been stored in the geological reservoir. The CO2 injection is part of an ongoing enhanced oil recovery effort 
that will extend to 2035 and likely beyond. Both Weyburn and the adjacent Midale oil field are highly suitable for CO2-EOR and 
it is expected that, combined, more than 40 MT CO2 will eventually be stored in these carbonate reservoirs. Currently about 2.4 
MT and 0.4 MT CO2/year are being stored in the Weyburn and Midale fields, respectively, which now represent the largest site 
of monitored geological storage of CO2 globally. The Weyburn Field is operated by Cenovus Energy and the Midale Field by 
Apache Canada. The anthropogenic CO2 used at Weyburn-Midale is a by-product of coal gasification at the Great Plains 
Synfuels Plant in North Dakota, USA. The compressed CO2 is delivered to the oil fields through a 323 km pipeline that crosses 
the international boundary. The IEA GHG Weyburn-Midale CO2 Monitoring and Storage Project was established prior to the 
onset of CO2 injection at Weyburn to assess monitoring methods and subsurface processes associated with the injection of CO2 
into geological storage sites. This research program is now in its second phase of research. Baseline 3D seismic surveys were 
performed over the Weyburn Field before injection and subsequent repeat 3D seismic surveys have been taken during the course 
of injection spanning multiple years and have indicated that CO2 distribution within the reservoir can be imaged seismically. 
Similarly, repeat reservoir fluid sampling surveys have monitored a range of chemical and isotopic parameters to help identify 
processes associated with CO2-rock interaction. In addition, multiple soil gas and shallow hydrology surveys have been 
performed during the past 10 years with no indication of CO2 reaching the surface. The current research program is building on 
many of the results obtained during the first phase of work on the Weyburn Field. For example, some of the current research 
includes applying stochastic methods to relate fluid chemistry to the seismic data to better characterize the distribution of CO2 in 
the subsurface. Additional methods of modeling CO2 distribution post-injection are also being demonstrated and integrated into 
several risk assessment methodologies. A detailed well database has been developed to catalogue characteristics associated with 
wells drilled at various stages of field development using different cementing practices and completion methods to assist with 
providing parameters for long-term modeling of well behaviour. In addition, a downhole well integrity testing program to 
examine cement sheath characteristics will be implemented in two wells in each of the fields. In summary, more than 30 research 
studies are being performed within this phase of the program to examine aspects of site characterization, well integrity, 
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geochemical and geophysical monitoring methods and risk assessment. One of the goals for the work from this research program 
is to provide a best practices manual for the transition of CO2-EOR sites into storage sites. This paper provides an overview of 
the studies and results developing from the research program  
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1. Project Background 
Injection of CO2 (initially by PanCandian Petroleum, then EnCana, and currently Cenovus Energy) into the 
Weyburn Oil Field of southeast Saskatchewan, Canada (Figure 1), began in the fall of 2000 with the intention of 
reversing declining production typically associated with a maturing oil pool.   Over 10 years of planning including 
engineering, discussions with the regulator, CO2 supply negotiations, stakeholder consultations and, significantly, 
acquiring land from pre-flood partners not interested in participating were needed before injection could begin.  
After 10 years of CO2 injection, oil production in this 50 year old field has been increased by 60% and about 155 
million barrels of incremental oil are expected to be recovered that will extend the life of the field by more than 30 
years.  Similarly, in the adjacent Midale Oil Field, full field CO2 injection began by Apache Canada in September 
2005 with a forecast of 30 to 40 years and 60 million barrels of incremental production.  At Midale, pilot tests of 
CO2 flooding had taken place by then-operator, Shell Canada, from 1984-1989 which then progressed into a 
demonstration project from 1992-1999.  CO2 injection into geological reservoirs in southeastern Saskatchewan, 
therefore, has been occurring in some measure for more than a quarter century.   
 
 
Figure 1:  Location of Weyburn and Midale Oil Fields in southeast Saskatchewan, Canada.  The “Units” depict 
regions that, although there may be many different owners, are operated as a single entity.  The CO2 injection and 
flooding takes place within the unitized areas in the respective fields.  Cenovus Energy is the majority owner and 
operator of the Weyburn Unit, and Apache Canada is the operator of the Midale Unit.   
c⃝ 011 Published by Elsevier Ltd.
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The source of the CO2 for the Weyburn and Midale Fields is from the Great Plains Synfuel Plant near Beulah, 
North Dakota where about 13,000 tonnes of CO2 is produced daily as a by-product of lignite gasification.  Of this, 
60% or 8,000 tonnes are suitable for Enhanced Oil Recovery operations.  This gas stream  is compressed by massive 
pumps to15 MPa at the Synfuels Plant and transported as a dense phase through a 35 cm to 30 cm pipeline, 323 km 
north across an international boundary to the Weyburn Field.  The gas stream is typically more than 96 mole % CO2, 
with minor light-end hydrocarbons and H2S, and other trace components including mercaptans and nitrogen.  
Currently all available CO2 from the Great Plains Synfuel Plant is utilized by Cenovus Energy and Apache Canada 
in their Weyburn and Midale operations, respectively.   
 
After one decade of injection of CO2 in the Weyburn Field more than 16 MT of greenhouse gases have been 
stored in Mississippian-aged carbonates at about 1.5 km depth.  At Midale, over 2 MT CO2 has been stored in a 
similar reservoir during 5 years of injection (and including pilot and demonstration phases).  Thus more than 18 MT 
of greenhouse gases are currently stored in these two depleting oil fields, with an expected ultimate combined 
storage of around 40 MT CO2 (Table 1).  The CO2 injected into these reservoirs at 59°C and 1500 m depth is 
supercritical and becomes miscible with the oil which then swells, becomes less viscous, and flows more easily 
leading to increased oil production.  As the oil is pumped to surface, CO2 comes out of solution, is recaptured by 
surface facilities and re-injected.  As the flood progresses across the oil field, an increasing proportion of CO2 is 
recycled and at Weyburn the current amount of new CO2 and recycled CO2 being injected are about the same.   Thus 
although 6,500 tonnes/day of CO2 are being stored at Weyburn, total CO2 injection is double that rate (Table 1).   
Recycling of CO2 is one significant difference of CO2-EOR versus saline aquifer storage; another difference is the 
number of wells involved in EOR operations such that at the Weyburn Field, for example, there are more than 100 
wells that inject CO2 during different phases of the EOR operation.  Most of these wells alternate injecting CO2 and 
water, but there are at least 17 CO2-only injectors.   
 
 
 Table 1: Operational parameters related to CO2 injection at the Weyburn and Midale oil fields. 
 
    Weyburn (Cenovus)  Midale (Apache)  
Start of CO2 injection / duration 2000 / 30 years 2005 / 30 years 
Wellhead Injection pressure 10 - 11 MPa 
Daily injection rate of new CO2  6,500 tonnes/day 1,250 tonnes/day 
Recycle rate of CO2 & produced gas  6,500 tonnes/day 400 tonnes/day 
Total daily CO2 injection rate 13,000 tonnes/day 1,650 tonnes/day 
Annual amount of new CO2 injected 2.4 million tonnes 0.46 million tonnes 
Total amount of new CO2 injected to 
June 2010 
16.1 million tonnes  2.11 million tonnes 
Incremental / total oil production 18,000 / 28,000 barrels/day 2,600 / 5,700 barrels/day 
Projected total incremental oil recovery 
due to CO2  
  155 million barrels 60 million barrels 
CO2 utilization factor 3 - 4 Mcf/b 2.3 Mcf/b 
Projected amount of CO2 geologically 
stored at project completion 
  30+ million tonnes (gross) 10+ million tonnes (gross) 
   
Total capital cost of EOR project CAD $1.3 billion CAD $475 million 
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Prior to the onset of CO2 injection at the Weyburn Field in 2000, a research program was developed to study this 
site as a natural laboratory for understanding processes associated with long-term geological storage of greenhouse 
gases.  The technical work ultimately was organized into four Principal Themes: Geological Characterization; 
Prediction, Monitoring, and Verification of CO2 Movements; CO2 Storage Capacity and Distribution Predictions 
and Application of Economic Limits; and Long-term Risk Assessment of the Storage Site.  In all over 50 subtasks 
(individual research projects) were involved in the project from researchers across North America and Europe.  This 
research eventually constituted the first phase of work and was completed in 2004 and produced a detailed summary 
report [1].  A second phase of research was initiated soon after completion of the initial work to build on findings to 
complete technical an operating information (e.g. guide development of best practices), resolve outstanding issues 
(e.g. improving rock physics model for interpretation of seismic data), continue to acquire monitoring data (e.g. 
shallow hydrogeological samples and seismic surveys), address research gaps (e.g. integrating geochemical data 
with other data types; involve non-technical information such as regulatory data), and to involve the Midale Field as 
CO2 injection was scheduled to commence there in 2005.   This subsequent and Final Phase of the project is the IEA 
GHG Weyburn-Midale CO2 Monitoring and Storage Project and is scheduled to be complete at the end of 2011.  
Research in this phase also is organized into themes, both technical and non-technical; the technical themes are: 
Geological Integrity; Wellbore Integrity; Monitoring Methods (Geochemical and Geophysical); and Risk 
Assessment and are the focus of this paper.  Non-technical aspects of the project involve Regulatory studies and 
Public Outreach and Communication.  Figure 2 depicts the relation of the phases of research activities associated 
with CO2-EOR operations at the Weyburn and Midale oil fields. 
 
2. Project Outline 
The purpose of research projects surrounding CO2-EOR operations is to determine whether geological storage of 
CO2 is a viable option for mitigating greenhouse gas emissions to atmosphere.  Much of the research, including most 
of the monitoring methodology, has application to sites not associated with oil or gas activity.  These particular sites 
provide the advantage of: 1) they are actively injecting CO2 at industrial amounts; 2) they are easily accessible and 
available for sampling and monitoring activities; and 3) they have a catalogued historical dataset that is somewhat 
unique to most jurisdictions and oil operations.  The investigative work performed at the Weyburn and Midale 
fields, therefore, can inform regulators and the public about the implementation and safety associated with actual, 
large-scale geological storage sites.  Almost 40 individual research topics are being investigated within this phase of 
the research within the Themes identified previously.  Figure 3 provides a brief title of the individual research topics 
and indicates within which Theme the work is being coordinated.  Theme Leads are responsible for addressing 
research needs, reviewing proposals, monitoring progress and ensuring collaboration and integration of results is 
progressing to meet deliverable timelines and project goals.  A major outcome of the IEA GHG Weyburn-Midale 
CO2 Monitoring and Storage Project will be a best practice manual on the transition of CO2-EOR facilities into 
Figure 2:  Timelines and milestones related to research in the IEA GHG programs associated with CO2-EOR 
operations in the Weyburn and Midale oil fields. 
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dedicated carbon storage sites.  Preparation of this document will incorporate many of the technical results from 
both phases of research, and will also involve integrating results of the non-technical components including 
regulator studies and public outreach.  The primary audience for this manual will be industry and government.  In 
addition, a technical monograph is being planned to provide a compendium of the research work completed in these 
projects.   
 
 
 
Figure 3:  Diagram showing relation among Themes and tasks within the IEA GHG Weyburn-Midale CO2 
Monitoring and Storage Project.  The greyed box indicates the non-technical components within the Project. 
 
3. Geological Integrity 
The reservoirs at Weyburn and Midale occur within the Midale Beds of the Mississippian Charles Formation and 
result from a carbonate-evaporite cycle of deposition in a shallow peritidal environment.  The Midale Beds are 
informally subdivided into a lower limestone layer, the Vuggy, and an upper dolostone layer, the Marly.  The 
reservoir is capped by the Midale Evaporite, a 2 to 11 m thick dense anhydrite layer.  The Frobisher Beds also a 
carbonate-evaporite succession underlie the Midale Beds, whereas the Ratcliffe Beds, another shallow carbonate 
cycle, occur above.  The Weyburn reservoir and regional setting is described by Burrowes [2] and was the focus of 
much work in the first phase of research [3].   
The geological model serves as a foundation for many elements of research including risk assessment, 
monitoring evaluation, wellbore integrity studies, and modeling long-term behaviour of CO2 in the subsurface.   An 
updated geological model is being produced in this project that incorporates over 900 wells and includes an 
important vertical barrier, a zone of intense anhydritization that forms a caprock at the updip edge of the reservoir 
not included in the First Phase geological model.  In addition, a thick anhydrite layer at the base of the reservoir in 
the northern part of the Weyburn Field, the Frobisher Evaporite, was not included in the First Phase study, but may 
have important influence on vertical communication between Midale reservoir and underlying Frobisher Beds.  
Another anhydrite layer added to the model, the Oungre Evaporite, occurs in the Ratcliffe Beds above the Midale 
that also has importance within the storage complex.  One aspect of adding these units to the model is to help 
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quantify directions of regional flow around the CO2 flood.  New wells and drill stem tests available since the 
original model was built are allowing a focussed study to be performed on the hydrogeology of Frobisher, Midale 
and Ratcliffe beds to examine flow directions both horizontally and vertically, and with consideration of the 
presence of the Frobisher Evaporite.    Hydrogeological driving force ratio maps are assisting in delineating intra-
bed communication within the Weyburn storage complex.   
Within the larger Weyburn-Midale region of about 2,000 km2 (40 x 50 km) there are more than 4,000 wells that 
penetrate to reservoir level depths.  Because of the well density and size of the area of investigation a less 
conventional approach to flow modeling potential migration pathways, including well bores, has been adopted for 
this phase of study.  Invasion percolation invokes capillary limit conditions to model CO2 migration.  By using this 
methodology a large number of cells may be included in the model thereby allowing finer detail to be included in 
the simulation.  The invasion percolation model constructed for Weyburn contains 2 billion cells of 20x20x5 m.  
The geological structure and surfaces generated from the updated geological model define the units used in the 
percolation model.  Regional faults and discontinuities identified through regional 2D seismic and high-resolution 
aeromagnetic surveys are also emplaced within the flow simulation.  Wells may also be modeled given the fine grid 
used, and those wells near migration pathways and subtle traps may be flagged for further risk assessment. 
4. Wellbore Integrity 
Given the density of wells in the study area, similar to petroleum provinces elsewhere with prospective storage 
sites, the investigation of wellbores is essential to understanding containment risks.  There are many generations of 
wells in the region: about one-third of the wells in the study are older vertical wells (pre-1975); another third are 
horizontal wells, both of which have higher leakage risks mainly because of cementing issues.  To understand the 
well characteristics and identify those having the highest leakage potential a comprehensive database to represent 
the well population of Weyburn including parameters most likely to affect long-term wellbore integrity has been 
developed.  The database can be mined and can produce a relative ranking contrasting well construction methods, 
materials used and generate a family of statistics that characterize the range of physical and behavioural conditions 
of wellbores.  A numerical framework has been developed to incorporate all phases in the history of the well from 
drilling to abandonment.  This will provide: 1) a fundamental understanding of various well events and operations 
that impact integrity during the wells existence; 2) a methodology to use wellbore geometry and physical data to 
characterize the state of a wellbore at the start of CO2 injection; and 3) assist with prediction of CO2 migration.  In 
addition a comprehensive review of regulatory policies and practices has been produced that indicates cement 
integrity is the most important indicator of wellbore integrity.  The main issues revolve around cement placement, 
de-bonding between casing and wall rock, and channelling.  CO2 attack of cement porosity is unlikely to cause zonal 
isolation failure and the external casing is protected from corrosion by cement.  A comparison of abandonment 
practices indicates that these methods, often jurisdictionally dictated, can impact storage characteristics. 
A field-based program involving downhole testing to evaluate well integrity has been initiated to re-enter an 
older well, drilled in 1957, that has been exposed to CO2 within the Weyburn Field.  The well was formerly an oil 
producer, but has since been suspended.  Initially cased-hole logs will be obtained to assess the condition of the 
casing and cement sheath and to identify intervals at which to perform the in situ tests.  A tool has been specially 
developed to assist with the tests and to attempt to obtain cores of the cement sheath.  Pressure transient testing will 
be performed by drilling small slots into the cement sheath and isolating the slots using inflatable packers.  The data 
obtained from the tests and cement samples will provide invaluable data regarding hydraulic characteristics of aged 
cement for long-term risk modeling.  Additional downhole tests will be performed during this operation including 
Mini-Fracs to measure horizontal stresses and also to obtain fluid samples from overlying aquifer systems that have 
rarely been sampled.   
5. Monitoring 
 Geophysical Monitoring  
CO2 monitoring activities at Weyburn preceded injection as baseline 3D seismic data were initially obtained in 
2000, and three subsequent time-lapse 3D seismic surveys available to the project taken from 2001 to 2007 have 
been the primary geophysical monitoring method [4].  This technique has proven very effective in mapping the 
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distribution of CO2 in the reservoir as marked decreases in acoustical impedance are observed adjacent horizontal 
CO2 injection wells that likely result from a combination of increased pore pressure and CO2 saturation [5]. A 
significant challenge, therefore, is to discriminate the CO2-induced effects from pressure effects and thereby extract 
a semi-quantitative estimation of CO2 saturations in the subsurface.  One method being attempted in the Weyburn-
Midale project is using pre-stack seismic data to obtain impedance volumes and then use time-lapse changes in 
impedance with rock physics data from Weyburn to provide estimates of pore pressure and CO2 saturation change.  
Another method attempted is to integrate seismic data together with geochemical fluid data from reservoir 
monitoring and production and injection data by using reactive transport modeling, geostatistical techniques and a 
Monte Carlo Markov Chain stochastic inversion method.  Stepwise refinements of the results are anticipated to 
improve history matching and forward modeling of CO2 storage. 
The 3D seismic data has also been used to examine caprock integrity by using amplitude-versus-offset-and-
azimuth techniques to map anisotropy within the caprock, the presence of which may be related to anisotropy in the 
underlying reservoir where the cap is thin, or potentially related to stressed areas within the cap itself.   
Passive seismic monitoring at Weyburn has been ongoing since installation of a geophone array in August, 2003, 
until present. An adjacent well began injecting CO2 in January, 2004, and microseismic events correlate with 
increased injection rates and production activities.  Of the 100 microseismic events located since the array was 
deployed, 97% of them occurred prior to early 2006 during the early stages of CO2 injection. Overall, the rate of 
seismicity is very low within the reservoir indicating the reservoir is not undergoing significant geomechanical 
deformation or that it is doing so in a ductile manner. 
An alternate method of monitoring CO2 in the subsurface assessed for use at Weyburn is through electrical 
sounding methods using metal-cased boreholes as long electrodes for electrical resistivity imaging [6]. This method 
could produce time-lapse maps of changes in formation resistivity resulting from CO2 injection; but a numerical 
modeling study using several scenarios suggests the technique is unlikely to have adequate signal-to-noise ratio and 
sensitivity to allow useful inversion of the electrical resistivity data.  Large inter-electrode distances are considered 
the greatest limitation, although long casings, large depth to reservoir, the reservoir being more resistive than the 
overburden, and the presence of other casings that distort the field are all factors.    
 
Geochemical Monitoring 
Ten shallow groundwater sampling surveys have taken place at Weyburn spanning pre-injection summer 2000 to 
2009, and one at Midale in 2006.  The most recent survey sampled 24 wells used either for drinking or other 
domestic purposes within the area of Weyburn operations and analyzed for a range of constituents commonly used 
to assess water quality.  Although water quality is variable in the area, there have been no discernable changes in the 
quality of groundwater over the duration of this monitoring program.  It is recommended that groundwater surveys 
conducted every 3 to 5 years would be sufficient.  Soil gas surveys also were performed during the early phase of 
this project again with no identifiable changes in composition outside of natural variability.   
Sixteen monitoring surveys of produced reservoir fluids will document the compositional evolution of formation 
brines during the first 10 years of the flood.  Wells are sampled from a consistent suite of 40 to 60 wells that can be 
accessed depending upon current operations, and recovered fluids are analyzed for 42 chemical and isotopic 
parameters.  The resulting dataset contains greater than 30,000 entries.  These data are invaluable for reaction path 
modeling and partition phase modeling, and are used by other tasks within the project including attempts to quantify 
seismic data.  Hydrocarbons also have been sampled to monitor compositional changes over time to assist with 
modeling partitioning of CO2 among reservoir fluids for storage determinations and long-term predictions. 
Several efforts of reactive-transport modeling are taking place to exploit the rich geochemical dataset; one task is 
attempting to history match the aqueous geochemical signals using single porosity, and dual-porosity reservoir 
simulation.  Field observations can be reasonably reproduced overall, although the field data is considerably more 
variable than can be modeled at present.  Work is being focused on characterizing fractures and alterations related to 
CO2 injection using profilometry of fractures (laboratory induced) in Weyburn cores and developing aperture maps 
to identify preferential flow paths and aperture evolution.  Other reactive transport modeling research will use 
NUFT/SUPCRT92 to focus on mass partitioning dynamics and long-term system evolution.  A Weyburn specific 
hydrocarbon equation of state will be integrated into NUFT to quantify the presence of hydrocarbons on mass 
partitioning.  NUFT simulations have also provided parameters for CO2 core flood experiments being conducted to 
predict and confirm CO2-induced changes in composition, porosity and permeability in Weyburn carbonates.  
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Comparative synchrotron CMT, sXRD and sXRF will examine pre- and post-CO2 exposed samples from the core-
flood experiments to document dissolution and precipitation features and their impact on 3D pore geometry. 
6. Risk Assessment 
During Phase 1 a deterministic, numerical simulation approach was used to model the migration of the injected 
CO2 for 5,000 years [7].  A smaller stochastic simulation also was performed on a compartment of the system model 
using analytical methods.  In the Final Phase, the RISQUE method accessing expert panels is employed for risk 
assessment to better allow comparison of the Weyburn-Midale Project with other like projects under the GEODISC 
and CO2CRC programs.  Risk factors considered include site performance in terms of containment and effectiveness 
– that is, can the reservoir store the amount of CO2 planned in the time allocated.  A biosphere component to this 
investigation is also part of the assessment.  In addition, community impacts were considered, including meetings 
with stakeholders and invited public from Weyburn and area.  Preliminary results from the RISQUE methodology 
indicate containment risk posed by all pathways at Weyburn is very low, being about 1,000 times less than target 
risks deemed acceptable using conventions consistent with the CO2CRC program.   
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